Among the several functions of the nasal cavity, temperature and humidity adjustments are important for preserving the trachea and lungs. The functions of the nasal cavity have been clarified in experiments investigating the conditions in the nasal cavity. However, the difficulties of noninvasive measurements have rendered nasal cavity simulations an attractive alternative. Data are readily obtained from a simulated result. In this study, airflow, temperature, and humidity transfer in the human nasal cavity were investigated in a nasal cavity wall model of temperature and humidity transport. The simulated result was verified by comparison with experimental data. A reasonable agreement was attained between experimental data and a model incorporating the latent heat effect. The model simulates heat and water exchange in the nasal cavity. In all cases, the temperature and humidity of the inhaled air were adjusted to suitable physiological values. Temperature and humidity gradients were highest at the front of the nasal cavity. The influence of latent heat was clarified by comparing simulation results with and without latent heat under several inhaled air conditions. In the hot-humid inhaled air case, temperature in the Kiesselbach area was increased by latent heat of condensation, and relative humidity declined. In the other inhaled air cases, the temperature in the Kiesselbach area was decreased by latent heat of evaporation, while relative humidity increased. Latent heat effect was particularly influential in the hot inhaled air case.
Introduction
The nasal cavity is a space between the nostrils and pharynx. It is anatomically complex, with the nasal concha dividing the nasal passage into the superior, middle, and inferior meatus. Apart from the nasal vestibule, the nasal cavity wall is covered by a mucous membrane through which temperature and humidity are transferred. The surface of the nasal vestibule is covered by an epidermis (1) . The nasal cavity adjusts the temperature and humidity of inhaled air, and is involved in filtering and smell sensing. Temperature and humidity adjustments are important for preserving the trachea and the lungs. Both quantities are controlled to suitable values (34 °C, the normal body temperature; 100% relative humidity). Clarifying these functions is biologically important because such functions enable humans to survive in a range of climates. Conditions in the nasal cavity have been clarified in ongoing experiments (2) (3) (4) . Doorly et al. and Spence et al. investigate airflow in the nasal cavity by Particle Image Velocimetry (PIV) (2) (3) . Keck et al. measured temperature and relative humidity in the nasal cavity by inserting a sensor in the nasal meatus (4) . However, experimental data are necessarily discrete, and detailed noninvasive investigation is difficult because the nasal meatus is too complex and narrow to install the sensor.
Several researchers continue to explore the nasal cavity by computational fluid dynamic (CFD) simulations (5) (6) . CFD is an easy, noninvasive means of acquiring nasal information. Naftali et al. investigated nasal cavity airflow, incorporating temperature and humidity transport including the latent heat effect (7) . Zachow et al. investigated temperature and humidity distribution in the nasal cavity during the breathing cycle (8) . However, these studies neglected the thickness of the mucus membrane. Kumahata et al. simulated a three-dimensional flow velocity field in the nasal cavity wall, accounting for the mucus membrane thickness in heat and water exchange (9) . They studied the temperature and humidity distribution in the nasal cavity. However, the influence of latent heat is not represented. Latent heat is an energy flow occurring in phase transitions. It exists in two forms; latent heat of evaporation, which exerts a cooling effect, and latent heat of condensation, which imparts heat. In the nasal cavity, both sensible heat and latent heat are liberated from the cavity wall during a phase transition. Latent heat influences temperature and relative humidity of the air inside the nasal cavity.
This study investigates airflow, temperature transport, and humidity transfer in the human nasal cavity. The inhalation phase was focused since major temperature and humidity difference were caused in inhalation phase. The study aims to clarify the influence of latent heat on the air inhaled into the nasal cavity. The simulation result was verified by comparison with Keck's experimental data. To clarify its effect, the simulation was conducted in the presence and absence of latent heat. Results were compared under several inhaled air conditions: hot-dry, hot-humid, cold-dry, and cold-humid.
Models of the Nasal Cavity Flow Simulation
Airflow in the nasal cavity is modeled as incompressible, viscid, or laminar. Heat and humidity transport is also considered. The turbulence model is not employed because the maximum Reynolds number of inhaled air is lower than the critical Reynolds number. The simulation is governed by the Navier-Stokes equation (Eq. (1)), equation of conservation of mass (Eq. (2)), transport equation of energy (Eq. (3)), and transport equation of mass fraction of water (Eq. (4)).
Here t, u, p, ρ, ν, K, T, Cp, F, and D denote time, velocity, pressure, density, kinematic viscosity, thermal conductivity, temperature, specific heat, mass fraction of water, and mass diffusion coefficient, respectively. The equations were solved by the general purpose fluid simulation software FLUENT6.3.26 (ANSYS, Inc.) (10) .
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Nasal Cavity Wall Model for Heat and Humidity Exchange
Figure 1 (a) shows the mucus membrane structure and the mucus membrane model. The mucus membrane comprises membrane epithelia, nasal glands, blood vessels, and capillary blood vessels. The nasal cavity wall surface is coated with the mucus membrane. The thickness of the mucus membrane varies between 0.3 and 5 mm, depending on the development of the cavernous plexus and the nasal glands (1) . Although the nasal cavity surface is not smooth, this information is not obvious from Computed Tomography (CT) images. We therefore assume a smooth nasal cavity wall surface and regard the thickness of the nasal cavity as a constant. Figure 1 (b) shows the nasal cavity wall model of the simulation. The mucus membrane layer includes nasal glands and membrane epithelia. The organ-side layer, comprising vessels and capillaries, provides heat and water. Temperature and humidity of the inhaled air are adjusted to suitable values via the mucus membrane by applying a boundary condition representing the heat and water exchange on the nasal wall surface. The mucus membrane consists of nasal glands, membrane epithelia, capillary and vessel. Nasal cavity wall modeled by two layers that organ-side layer and membrane layer. 
Nasal Cavity Wall Model for Heat Exchange
The nasal cavity wall model for heat exchange was implemented by the method of Kumahata et al (9) . In addition, the latent heat was also implemented in the nasal cavity wall for heat exchange in this simulation. Figure 2 illustrates the nasal cavity wall model for heat exchange. Heat is transferred between air side and organ side via the mucus membrane, where T S , T O , K memb , and δ memb denote temperature of the mucus membrane surface, organ-side temperature, thermal conductivity of the mucus membrane, and mucus membrane thickness, respectively. In this model, T O is constant because the temperature at the organ side kept constant by supplying heat from blood vessels. T S is variable determined by Q total which contains Q memb and Q latent . Hence, T S is influenced by latent heat effect. The heat transport of Q memb from the organ side (indicated by the red arrow in Fig.2 ) is determined by Eq. (5) . If T S is smaller than T O , the inhaled air is heated by supplying heat from the organ side. If T S exceeds T O , the inhaled air transports heat to the organ side. The latent heat of Q latent (sky-blue arrow in Fig.2 ) is calculated from Eq. (6) . Here L and W bl denote specific latent heat and water flux from the mucus membrane surface, respectively. The specific latent heat depends on the temperature at the mucus membrane surface. The specific latent heat is defined by Eq. (7) that was calculated by cubic fit to the data of Rogers et al (11) . When the water flux flows from the surface to the air, Q latent is negative and represents the latent heat of evaporation, which draws heat from the mucus membrane surface. When the water flux flows from the air to the surface, Q latent is positive and represents latent heat of condensation, which expels heat from the mucus membrane surface into the air. The total heat transport defined by Eq. (8) as a flux boundary condition for the energy equation Eq. (3). 
Nasal Cavity Wall Model for Humidity Exchange
The nasal cavity wall model for water exchange which developed by Kumahata et al. was implemented (9) . FLUENT cannot specify Neumann or mixed boundary conditions for species mass transport. For the species transport equation, only a Dirichlet-type boundary condition is available. We therefore specify the boundary condition of species transport as a Dirichlet-type boundary condition (i.e., fixed transport), and employed the two-film theory to evaluate the mass of species transport. The two-film theory describes species transport between a liquid phase and a gas phase across a boundary. Figure 3 illustrates the nasal cavity wall model for humidity exchange. W bl (blue arrow in the boundary layer) is the water flux from the boundary layer, determined from Eq. (9). W bl is used to calculate the latent heat of Eq. (6). W memb (blue arrow in the membrane layer) is the water flux from the organ side, determined from Eq. (10). Here F, F S, F O , δ bl , δ memb, D bl , and D memb denote water fraction in the boundary layer, water fraction on the membrane surface, water fraction on the organ side, boundary layer thickness, membrane thickness, mass diffusion coefficient of the boundary layer, and mass diffusion coefficient of the mucus membrane, respectively. The water flux is transported from the organ side through the membrane and boundary layer.
Simultaneously solving Eqs. (9) and (10) for F S yields Eq. (11). To enable mass flux of species transport, F S is fixed as the boundary condition for humidity exchange. F and F S are variables determined by W bl and W memb . If F smaller than F S , the water flux works as condensation. If F S smaller than F, the water flux works as evaporation. This boundary condition is implemented as a user-defined function in FLUENT.
Verification of the latent heat model
To examine the latent heat model, the straight pipe flow was simulated using with latent heat model and without latent heat model under three inlet humidity conditions: relative humidity = 25, 75, and 100 % . The inlet fluid temperature was fixed at 34 °C that was the same temperature of the pipe wall. The geometry of the pipe was radius of 0.005 m and length was 0.2 m. The inlet boundary condition was set to free-inlet. The outward velocity of 0.1 m/s was assigned at the outlet boundary. The no-slip boundary condition was applied to the straight pipe wall. The boundary condition of the pipe wall was kept at T O = 34 °C, while F O is 3.34% to set relative humidity = 100% at 34 °C. The thermal conductivity of the mucus membrane K memb was 0.6 W/mK. The thickness of the boundary layer was 0.3 mm. The mass diffusion coefficient of the mucus membrane D memb was 2.6 × 10 −5 m 2 /s (14) , while that of the boundary layer D bl was 3.0 × 10 −5 m 2 /s. Figure 4 shows temperature distribution of the straight pipe surface. Figure 4 (a), (b), and (c) demonstrate result in flow of 25, 75, and 100 % of relative humidity with including latent heat model respectively. The temperature difference was not observed by excluding latent heat case at any inlet condition. When the result inflow of 100 % of relative humidity was simulated, significant difference in temperature distribution on the surface was not observed. However, when the relative humidity of inlet air was decreasing, the surface temperature was also decreased. This difference was considered by introduction of latent heat model. In this model, the latent heat effect was depending on the water exchange between the air-side and organ-side. In this numerical experiment, as inlet air humidity was dropped, temperature distribution near inlet was decreased. Therefore, latent heat effect was considered reasonably modeled. To incorporate heat and water exchange into a real nasal cavity flow, the anatomy was reconstructed from nasal cavity CT images of a 50-year-old Japanese male. The CT images consisted of 524 sheets of slice images, each composed of 512 × 512 pixels in the DICOM format. The resolution of the images was 0.234 mm/pixel, and slice pitch was 0.3 mm/slice.
Reconstruction of Nasal Cavity Anatomy
First, voxel data of the nasal cavity anatomy were reconstructed from the CT images. Since the nasal cavity is a space filled with air, voxel data were constructed by extracting the air region of CT images. This was achieved by setting a threshold of air brightness using VSG Avizo 7.1 (12) . Second, the reconstructed voxel data of the nasal cavity were very rough for tetrahedral mesh generation. The rough surface was edited by converting the voxel data to STereo Lithography (STL) data. The STL data of the nasal cavity were then adjusted to smooth surface data using Materialize Inc. of Magics9.5.4 (13) . Finally, the tetrahedron mesh of the nasal cavity was generated from adjusted STL data using ANSYS Gambit 2.4.6. The number of tetrahedrons in the final reconstructed mesh was 4,315,911 elements. Figure 5 illustrates the reconstructed geometry of the nasal cavity. This geometry includes the maxillary sinus, which occupies the largest volume in the paranasal sinuses.
The maxillary sinus is connected to the nasal cavity. The ostium of the maxillary sinus is an ellipse with a major axis of 4.5 mm and a minor axis of 3.0 mm. This geometry is slightly asymmetric; the left nasal passage is narrower than the right.
Numerical Simulation
The nasal cavity flow including heat and water exchange was simulated. To verify the model and check the influence of mucus membrane thickness, the simulation results were compared with measured results. The influence of the latent heat effect was investigated under four conditions of inhaled air: hot-dry case, hot-humid case, cold-dry case, and cold-humid case.
Boundary Conditions
The nasal cavity wall surface is coated by the mucus membrane. Heat and water are exchanged between the nasal cavity wall and the inhaled air by the mucus membrane. However, the nasal vestibule is covered not with the mucus membrane but with the epidermis. Thus, at the nasal vestibule surface, temperature alone was controlled via the epidermis.
Fig.6 Boundary Conditions of the Nasal Cavity Simulation:
Wall-1 is the epidermis region (where only heat is exchanged) and Wall-2 is the mucus membrane region (which allows exchange of heat and water). Figure 6 illustrates the boundary condition of this simulation. T O, K memb , F O , δ bl , and δ memb indicate the organ-side temperature, thermal conductivity of the mucus membrane, organ-side mass fraction of water, thickness of the boundary layer, and thickness of the mucus membrane, respectively. D bl and D memb represent the mass diffusion coefficients of the boundary layer and the mucus membrane, respectively. Heat alone is exchanged at Wall-1 (the epidermis region). The organ-side temperature T O is retained at body temperature (34 °C), and the organ-side mass fraction of water F O is 0% because no water is exchanged at the epidermis region. At the mucus membrane region (Wall-2), where both heat and water are exchanged, T O remains at 34 °C, while F O is 3.34% (to ensure relative humidity = 100% at 34 °C). The thermal conductivity of the mucus membrane K memb is 0.6 W/mK. The thickness of the boundary layer is 0.3 mm. The mass diffusion coefficient of the mucus membrane D memb is 2.6 × 10 −5 m 2 /s (14) , while that of the boundary layer D bl is 3.0 × 10 −5 m 2 /s. Note that diffusion in the boundary layer exceeds that of the mucus membrane (9) . Spence et al. described Womersley number of human breathing is small. Therefore, they concluded inertial effects on the flow pattern were negligible (3) . Furthermore, Lee et al. investigated unsteady flow characteristics in the nasal cavity (6) . The overall flow pattern and temperature distribution was similar between steady and unsteady simulation at the inhalation phase. Hence, the nasal cavity was simulated under steady inhalation condition in this study. The pharynx was assigned an outward velocity that was time averaged in the inhalation phase. From measurements of the resting tidal volume (500 ml), the respiratory rate is 12 breath/min, and the cross-sectional area of the pharynx is 253 mm 2 ; the pharynx velocity was calculated as 0.791 m/s. The temperature and humidity of the pharynx were determined by calculation at inhalation phase. The Reynolds numbers of the nostril and pharynx are 536 and 486, respectively. The nostril was modeled as a free inlet, and no-slip boundary conditions were applied at the walls.
Examination of thickness of the mucus membrane and Verification
Keck measured temperature and relative humidity by inserting a sensor in the right nasal cavity during inhalation. Keck et al.'s measurements are graphed in Fig.7 (a) . The measurement points are 1.5, 2.5, and 6.0 cm from the nostril. The measurement points on the cross sectional plane were set near the nasal valve and the middle meatus as Fig.7 (b) . To verify the heat and water exchange model, simulation results were compared with the measurements of Keck et al. at the same points under the same inhaled air conditions, i.e., air was inhaled at 25 °C at a relative humidity of 35%. The thickness of the mucus membrane varies between 0.3 and 5.0 mm. Thus, the thickness of the mucus membrane δ memb was set at 0.3, 0.5, 0.7, 1.0, 3.0, or 5.0 mm in this simulation (all units are in millimeter). However, thickness exceeding 1.0 mm yielded results that differed from the measured results. Thus, thickness of 0.3, 0.5, and 0.7 mm were selected for further analysis. Furthermore, the thickness of the epidermis fixed 0.2 mm that average value (15) . The thermal conductivity of the epidermis used the same value of the mucus membrane. When the latent heat effect is incorporated into the model, the simulated results fall within the tolerances of the measured data. When latent heat is ignored, simulated data are higher than the measured data and lie outside the measured data at 1.5 and 2.5 cm. In addition, the temperature less rapidly increases with distance for thicker mucus membranes. Figure 8 (b) shows how relative humidity depends on the mucus membrane thickness and latent heat effect. Here the horizontal and vertical axes represent the distance from the nostril and relative humidity, respectively. The humidity measured by Keck et al. similarly includes error ranges. Similar to temperature, the relative humidity predicted by the latent heat model falls within the measurement data. When latent heat is excluded, relative humidity is lower than the measured data and lies outside the measurements at 1.5 and 2.5cm. The relative humidity less rapidly increases with distance as the mucus membrane thickness increases.
Since thickness of the mucus membrane influences temperature and relative humidity in the nasal cavity, when the mucus membrane was thicken, the temperature increase rate was dropped and the relative humidity increase rate was increased. The thickness of the mucus membrane changes depending on the region in the nasal cavity. Hence, it is necessary to consider the thickness of mucus membrane to simulation accurate heat and water transport. These results show that when the latent effect is incorporated into the model, reasonable agreement between simulated and measured data is obtained. We conclude that models incorporating latent heat effects can adequately simulate airflows in nasal cavities. 
Effect of Latent Heat under Various Inhaled Air Conditions
To clarify the latent heat effect, simulations were conducted under four inhaled air conditions: hot-dry air at 40 °C and relative humidity 5%, hot-humid air at 40 °C and relative humidity 90%, cold-dry air at 5 °C and relative humidity 5%, and cold-humid air at 5 °C and relative humidity 90%. Fig.9 Flow in the Nasal Cavity: High velocity was observed near nasal valve area. The middle meatus passed largest amount of air. Figure 9 illustrates the streamline flow in the nasal cavity. An high-velocity flow was observed near the nasal valve, where the cross-sectional area of the nasal valve is among the smallest in the nasal cavity. The volume of air passed by the middle meatus, the superior meatus, and the inferior meatus was maximum, moderate, and minimum, respectively. The flow velocity in the inferior meatus is slow relative to that in the superior meatus. The flow field is not influenced by the inhaled air conditions, but the flow velocity is slightly affected by the temperature of the inhaled air. Fig.10 Flow in the Maxillary Sinus The swilling flow was observed in the each maxillary sinus. The velocity in the maxillary sinus was quite slow. Figure 10 illustrates the streamline flow in the maxillary sinus. The flow velocity in the maxillary sinus is slow relative to that in the nasal cavity. The flow field differs between the left and right maxillary sinuses. In the left maxillary sinus of Fig.10 (a) , a single large-swilling flow was observed, while in the right Fig.10 (b) , some swilling flows were observed. Fig.11 Temperature Distribution in the Nasal Cavity [Hot-Dry case]: Inhaled air condition: Temperature = 40 °C, relative humidity = 5%. The contour plane is a cross-section of the right nasal cavity. Figure 11 illustrates the temperature distribution of hot-dry air using color contours. In this case, the inhaled air is cooled by the nasal cavity wall. Figures 11 (a) and (b) illustrate the situation when latent heat is excluded from and included in the model, respectively. In each case, inhaled air was cooled to a suitable temperature. The temperature near the pharynx is controlled at approximately 34 °C at the organ side. Most of the temperature changes occurred in the front region of the nasal cavity. Figure 11 (c) illustrates difference between Fig.11 (a) not including latent heat model and Fig.11 (b) including latent heat model. Figure 11 (c) was subtraction of not including latent heat result from including latent heat result. Figure 11 (d) describes ratio of latent heat flux by total heat flux. Clear differences emerged when latent heat was incorporated into the model. In particular, the temperature is lower in the Kisselbach area because of the evaporative heat loss. The temperature difference of 1.5 °C was observed at the front region of nasal cavity. The 0.8 to 1 % of latent heat effect was observed after the nasal vestibule region. Figure 12 (c) illustrates the relative humidity difference between not including latent heat and including latent heat. Figure 12 (c) was subtraction of not including latent heat result from including latent heat result. The inhaled air was humidified to 100% relative humidity until the pharynx was reached. Most of the relative humidity changes occurred at the front of the nasal cavity. With latent heat included in the model, the relative humidity was higher than when latent heat was excluded. Since relative humidity depends on the temperature, we considered that relative humidity was increased because temperature was decreased by latent heat of evaporation. The relative humidity difference of nearly 5 % was observed at the front of nasal cavity. Fig.13 Temperature Distribution in the Nasal Cavity [Hot-Humid case]: Inhaled air condition: Temperature = 40 °C; Relative humidity = 90%.The contour plane is a cross-section of the right nasal cavity. Figure 13 illustrates the temperature distribution of hot-humid inhaled air using color contours. In this case, inhaled air is cooled by the nasal cavity wall. Figures 13 (a) and (b) show the results when latent heat is excluded from and included in the model, respectively. In this case, the inhaled air was also controlled to 34 °C until the pharynx was reached. The temperature distribution gradients were highest at the front region of the nasal cavity, reflecting condensation in the nasal cavity. Figure 13 (c) illustrates difference between Fig.13 (a) not including latent heat model and Fig.13 (b) including latent heat model. Figure  13 (d) describes ratio of latent heat flux by total heat flux. With the inclusion of latent heat, temperature was slightly raised by latent heat of condensation. The temperature difference of 0.4 °C was observed at the front region of nasal cavity. The rate of latent heat effect was lowest in this study. Furthermore, when the hot-humid case was compared with hot-dry case, temperature difference between Fig.11 (b) and Fig.13 (b) was clearly observed. However, there was almost no difference of temperature distribution between Fig.11 (a) and Fig.13 (a) . Figure 14 (c) shows the relative humidity difference between excluding and including latent heat. The relative humidity exceeds 100% near the nasal vestibule regions because the mass fraction of water of the inhaled air is higher than that of water at 100%at 34ºC. Condensation is expected to occur at regions exceeding 100% relative humidity; this issue will be resolved by multiphase flow simulations. Since the current simulation is not a multiphase flow, it yielded relative humidity exceeding 100% in some regions. The humidity was controlled at approximately 100% by the dehumidification function of the nasal cavity wall. Most of the relative humidity changes occurred at the front of the nasal cavity in each case. With latent heat incorporated in the model, the relative humidity was reduced probably because temperature was increased by latent heat of condensation. The relative humidity difference of 5 % was observed between result of excluding latent heat and including latent heat at the front of nasal cavity. Figure 15 (c) illustrates difference between Fig.15 (a) not including latent heat model and Fig.15 (b) including latent heat model. Figure 15 Fig.16 (c) shows the temperature difference between excluding and including latent heat. Differences in relative humidity distribution between the two models were visible at the front of the nasal cavity. By considering latent heat, relative humidity was slightly raised at the front of the nasal cavity by latent heat of evaporation. The relative humidity difference of 5 to 10 % was observed at the front region of nasal cavity. Figure 17 (c) illustrates difference between Fig.17 (a) not including latent heat model and Fig.17 (b) including latent heat model. Figure 17 (d) describes ratio of latent heat flux by total heat flux. The effect of latent heat is similar to that observed in the previous situations, as some heat is lost by evaporation. The temperature difference of 1.5 °C was observed at the front region of nasal cavity. The rate of latent heat effect was lower than the cold-humid case. Furthermore, a difference between cold-dry ( Fig. 15 ) and cold-humid ( Fig.17) was observed. respectively. Latent heat enhanced the humidity distribution in the nasal cavity. Presumably, temperature was decreased latent heat of evaporation while the relative humidity was increased. Furthermore, Fig.18 (c) illustrates the relative humidity difference between excluding and including latent heat. The relative humidity difference of 5 to 10 % was observed between not including latent heat and including latent heat result at the front region of nasal cavity.
Low-temperature inhaled air was humidified earlier than air inhaled at high temperature. Temperature and humidity is maxillary sinus maintained 34 °C and 100 % respectively.
Discussion
We clarify the influence of latent heat in the nasal cavity under several conditions. The difference of temperature and humidity distribution between result excluding latent effect heat and result including latent heat effect was clearly observed. In this simulation, hot-humid air was influenced by latent heat of condensation while hot-dry, cold-dry, or cold-humid air was affected by latent heat of evaporation. Condensation occurred when the mass fraction of water in the inhaled air exceeded that in the nasal cavity wall. Condensation imparted heat to the nasal cavity. Evaporation, which cooled the nasal cavity, occurred in the opposite situation; when the mass fraction of water in the inhaled air was lower than that in the nasal cavity wall. Air inhaled at low-dry condition contains a low proportion of saturated vapor, which accelerated the water exchange between the air side and organ side. Therefore, latent heat induced greater temperature changes, according to Eq. (6). Humid inhaled air contains a high saturated vapor, with corresponding decrease in the water exchange between the air side and organ side. The temperature changes induced by latent heat were smaller than for dry inhaled air. The latent heat effect was particularly influential in the cold-dry inhaled air case. The rate of latent heat was smallest in the hot-humid case. The rate of latent heat in total heat was not high at each case. However, the difference of temperature and relative humidity between result of considering latent heat and result of not considering latent heat was relative large scale in the nasal cavity. Therefore, the latent heat is one of the key factors of the temperature and humidity adjustment in the nasal cavity Temperature and humidity were adjusted to suitable physiological conditions, approximately 34 °C and 100% up to the pharynx, respectively, over a range of inhaled air conditions. Both quantities most rapidly changed at the front of the nasal cavity, where the nasal valve is located. The nasal valve is a narrow passage of small cross-sectional area, enabling an effective adjustment of temperature and humidity. In addition, when hot-humid air was inhaled, the model permitted relative humidity exceeding 100%. We consider that condensation occurs in this situation, which can be tested in multiphase flow simulations that account for phase transitions between air and water.
The nasal cavity flow was simulated under steady state condition. However, actual breath is unsteady physiological phenomenon. It is important to discuss the difference in temperature and humidity distribution between steady and unsteady flow. Lee et al. (6) explained significant change was not observed in flow pattern and temperature distribution between steady and unsteady calculation at inhalation phase. However, they also reported that unsteady characteristic was observed at exhalation phase. Therefore, to clarify the unsteady characteristics of flow, temperature and humidity distribution under unsteady nasal cavity condition should be examined to be the future work.
Summary
We implemented a model for heat and water exchange in the nasal cavity wall that accommodates the latent heat effect. To verify the effectiveness of the model, the simulation results were compared with measurements obtained by Keck et al. With latent heat incorporated into the model, good agreement was obtained between the simulated and measured results.
In all air conditions tested, temperature and humidity were both adjusted to suitable physiological values in the simulations, approximately 34 °C and 100%, respectively, until the pharynx was reached. Temperature and humidity gradients were highest at the front of the nasal cavity.
The latent heat effect was clarified by simulations of nasal cavity flow under various inhaled air conditions. Condensation and evaporation occurred when the mass fraction of water in the inhaled air exceeded and dropped below that in the nasal cavity wall, respectively. The latent heat effect also depended on water exchange between the air side and organ side. Therefore, latent heat exerted a greater effect on relative humidity when dry air was inhaled. In this case, the water exchange between air side and organ side is increased because of the low amount of saturated vapor in dry air.
